Single and joint effects of hydrocarbons and a shoreline cleaning agent (SCA) were studied by measuring the inhibition of the larval growth of sea urchin. Different dosage methods of hydrophobic compounds were compared. The results obtained in the evaluation of CytoSol toxicity revealed that the method of variable dilution of water accommodated fraction (WAF) led to the more conservative toxicological approach. Regarding to Libyan oil, the use of DMSO as carrier allowed us the evaluation of its potential toxicity in comparison with the limitations imposed to the use of WAF method. A reparametrised form of the Weibull equation was slightly modified to be useful for dose-response analysis. This was the basis for modelling single sigmoid responses, which were used to simulate biphasic profiles with addition of effects and to describe both the concentration addition (CA) and independent action (IA) hypotheses. In all cases, its descriptive ability was graphically and statistically satisfactory. The IA model was the best option to explain the combined experimental responses obtained.
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Headline: Dose-response modelling for a bioassay of oil and shoreline cleaning agents. Seven years after the Prestige oil spill, tons of fuel has remained on supra-tidal rocks of the Galician coast (NW Spain). Nowadays, the only option to collect it is by means of shoreline cleaning agents (SCA) combined with high-pressure water washing. Recently, the SCA CytoSol has been studied and selected for this purpose due to its efficacy in dealing with weathered fuel oil [1] . This chemical does not contain surfactants and is mainly composed of fatty acid methyl esters with a small proportion of bioremediation enhancers [2] .
The runoff produced after a cleaning treatment with a SCA will contain the chemical and the removed oil. Therefore, it should be noted that the combined toxic effects of chemicals must be taken into account when estimating ecological risk. In this sense, the toxicity of a compound on marine invertebrates is usually assessed in early-life stages using embryogenesis, early larval growth, survival, and morphological abnormalities as the endpoints [3] . Early-life stages are more sensitive than adult stages and are a critical period in the life cycle of an organism. Sea urchins [4] are among the organisms most frequently used in embryo-larval bioassays.
Toxicological evaluation of mixtures of two or more substances in aqueous media requires a proper dosage. Since hydrophobic substances present two basic problems, maintaining a constant and bioavailable concentration [5] , it is necessary to choose a method appropriate to the objectives of the study and the nature of the substances. Different methods for media preparation have been applied for these substances [5] : direct addition and mixing, use of solvents, carriers and systems able to produce dispersion and emulsion... While the use of solvents and their concentrations in the media test is a much-discussed methodology [6] ; preparation of water-accommodated fraction (WAF), defined as medium containing only the fraction of petroleum that remains in the aqueous phase once any source of mixing energy has concentration addition (CA) [9, 10] and independent action (IA) [11, 12] . Concentration addition is based on the expectation that the compounds of a mixture act on similar physiological systems in the tested organism [11, 13, 14] . Conversely, IA is based on the idea that chemicals present different modes of action inside the organism but generate a common global effect [15] [16] [17] [18] . There is no consensus on whether the CA or IA model is superior, and the validity of the models seems to be case-specific.
In this sense, CA and IA models have been modified to allow the description of antagonistic or synergistic responses [19, 20] . For the CA model, the shape of isoboles corresponding to 50% of the maximal effect is often used to characterise these combined effects [19, 21] . The half-maximal effective concentration (EC 50 ) is a robust parameter that can be estimated with greater reliability than other levels of effect. This is the main reason why it is used in these approaches. If the analysis of the whole response surface for two agents is considered, the number of cases and the power of the statistical tests would be increased [22] . Furthermore, the ray design provides satisfactory results and is the most common experimental design for the study of binary mixtures [22, 23] . A 3D plot of the dose-effect surface predicted by a model with the two agents as the X-and Y-axes and response as the Z-axis is useful to infer the shape of the isoboles [23] .
However, the conventional CA and IA models descriptions do not take into account the biphasic response surfaces that can be obtained when binary mixtures are evaluated [19, 20, [24] [25] [26] [27] as well as when hormetic phenomena are present [28, 29] . Southam and Ehrlich
[30] defined hormesis as "a stimulatory effect of subinhibitory concentrations of any toxic substance on any organism". This phenomenon, almost forgotten for a half century, has generated an abundant number of reports in the last few years [31] [32] [33] . These reports blame classic toxicological analysis for blocking the importance and the generality of hormesis [34] [35] [36] [37] [38] . They suggest that this generality could lead to a revision of the environmental protection policies, which may be unnecessarily expensive [33, 39, 40] .
In this work, we propose a toxicological assessment of single agents, CytoSol and light Libyan crude oil, using different dosage methods. We applied the proposed mathematical resources to real cases related with the joint effects of CytoSol and light Libyan crude oil as well as CytoSol and fluoranthene on the larval growth of the sea urchin. These mathematical proposals were based on reparametrised Weibull equation for non-linear modelling and CA and IA hypothesis for effect of agents' mixture.
MATERIALS AND METHODS

Agents and dosages
Agents assayed were light Libyan crude petroleum, obtained from Repsol YPF SA; the shoreline cleaning agent CytoSol (CytoCulture International), a mixture of methyl esters of fatty acids from vegetable origin, and the polyaromatic hydrocarbon fluoranthene (Sigma).
We utilised two basic procedures: For comparative purposes or specific necessities of some tests, these basic methods were applied in the concrete forms which are detailed below. Temperatures were 300ºC (injector), 280ºC (detector), and a column programming from 40ºC 
Analytical methods
Bioassays
Tests were performed by conventional methods [42, 43] (1), which was necessary to apply the CA hypothesis (see later on), is as follows:
Response surfaces describing the joint action of two agents
The analysis of the joint response to two agents is commonly developed by the contrast of the 
This model is usually written in the following form: The CA hypothesis used in the present work is given by Berenbaum [10] and is derived from the classical isobologram representation for the joint effect of two chemicals [48] . This CA model is initially based on the concept of null interaction between chemicals with the assumption that agents act via a similar mechanism to elicit an effect. In this sense, if D 1 and D 2 are the equivalent effect doses of two agents 1 and 2 that produce the individual response R a , and d 1 and d 2 are the individual concentrations of the agents 1 and 2 that produces the
When the left-hand side of equation (5) (5) in practice is as follows Both hypotheses can be summarised in terms of the models that re IA hypothesis:
CA hypothesis: 
Experiments with two agents. The ray design.
An experimental design able to model the joint response to two agents should contain a dose series c agent with all the doses of the other one. However achieved by means of a ray design (Figure 1 ). Moreover, in order to avoid biases in the parametric estimates due to the different weight (concentration) of the independent variables, the doses should be coded (normalized) in the (0,1) domain. Finally, the proposed ray design demands that the normalized doses of both agents have the same values ( Figure 1) . Generally, the nominal domains of both dose series will be different, and the following is an appropriate way to proceed: 
The difference in the AIC of two models for the same set of data (n) balances the residual sum Figure 4a . The doses are expressed in ml of saturated aqueous 386 1) provided a consistent fitting and statistically significant 387 recipient and homogeniser surfaces. This could be due to border effects by hydrophobic repulsion, which is a problem that is difficult to avoid at the low concentrations used here [7] .
In P3, the underestimation of the toxicities of P1 and P2 was statistically significant. At the low CytoSol doses used, the border effect associated with the gentle orbital shaking excluded c expected. This problem was avoided in P1. The profile of the response here was slightly biphasic, which requires the equation (9) for its modelling. We will discuss the interpretation of this type of fitting later, but the biphasic response could be due to that the CytoSol components with lower ED 50 values are more hydrophobic, and their levels do not increase correlatively with the rest when increasing the dose (Figure 3 . P3). The biphasic profile was not very marked; in fact, the parameter of shape -a 2 -of the low-dose sigmoid curve from model (9) is not statistically significant (Student's t test, α=0.05). However, the equation was found to be consistent by means of Fisher's F test (α=0.05) and the comparison between equations (9) and (1), using Akaike´s information criterion, revealed that with a probability of 100% the chosen model (9) is most likely to be correct for fitting experimental data than model (1). In addition, this biphasic curve took place in the only case in which it could be expected as a consequence of the dosage method but it might be attributed to experimental error. The underestimation of the toxicity in P4 was not only shown by a significantly higher ED 50 than in P1 and P3 but also by a lower asymptote, which was significantly lower than 1.
Light Libyan crude oil
In view of the preceding results, the crude oil dosage was initially carried out by method P5 w extract per litre. Equation ( parametric estimates, but the asymptote (K=0.719 ± 0.029) can only be interpreted as the limit that the hydrosolubility of the oil components imposes to the response (notice that the maximum dose assayed, 1,000 ml l 
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Determining the cause of the stimulatory effects would require additional experimentation 413 -1 , was equivalent to the use of the undiluted saturated aqueous extract).
This result demonstrates that the method of the aqueous extract, which tends to simulate the environmental con o components. In this situation the underestimation in the toxicity of these components is obtained. In the beaten sea of a coastal environment, for example, non-polar compounds tend to produce emulsions and micelles to migrate towards the interfaces and concentrate on the particles in suspension by means of partition, absorption, adsorption and hydrophobic repulsion phenomena. Although they do not exist as molecular solutes, they can easily enter into the metabolism (e.g., of a filter feeder). In a complementary way, the use of a carrier changes the natural conditions of the assay and allows us to model the response to an agent without imposing restrictions on the mode in which the agent reaches the target. Additionally, it can be pointed out that slight stimulatory effects at low doses were detected in this last case. Because it is not attributable to DMSO, (w that exceeds the objectives of this work. In any case, both suppositions could be described with model (9) in its subtractive form (Figure 4b 
05). When these parametric 439
2 and a 2 ) were not statistically significant the robustness of this equation was high and, with a probability of 72% (AIC test), the model (9) seems to be the correct choice instead of model (1).
Joint response to two agents. CytoSol-Libyan crude and CytoSol-fluoranthene
In a first approach, the dosage was carried out with dilutions of a saturated aqueous extract prepared by method P7 with doses expressed as dilutions (ml l These values only demonstrate that a mixed aqueou more toxic than any of the two separate extracts since the concentrati of both agents vary in s tr knowing the nature of the joint response. To describe such a joint response, a ray design was applied using aqueous extracts prepared by method P8. For comparative purposes, a similar design (P9) was applied to the joint action of CytoSol and fluoranthene.
In both cases (Figures 6, 7 and Table 2 ), the description of the single responses by means of estimates were used as initial values for fitting each group of observations to model (7), which corresponded to the IA hypothesis, the description led to statistic 440 ally significant new 441 stimates (=0.05; Table 2 In a system with interaction, concave and convex isoboles mean synergy and antagonism, respectively. When this approach is applied to a surface that follows the IA hypothesiswhich involves an interactive response, in accordance with the equation (3)-it reveals that synergy and antagonism notions cannot be used to describe the interaction between agents without making reference to a specific dose domain. Indeed, it can clearly be observed in Figure 7 that surface response not only includes sections with concave and convex isoboles but also isoboles with concave and convex sections in the same profile. It allows us to define a low-dose subdomain in which the response corresponds to a null interaction or an antagonistic effect, and another high-dose subdomain where synergistic effects were observed.
Biphasic profiles, hormesis and degenerate responses
The biphasic responses obtained in the bioassay of CytoSol measured out by the P2 method and assessment of Libyan crude oil using DMSO as the solvent (Figure 4b response of a bioassay with two agents is defined as a function of the dilutions from a one solution of both chemicals, using the dilution as the only independent variable, the 2D profile generated is a degenerate response of the real 3D surface that should be obtained. This result can be described by equation (9), and it will be equivalent to the results obtained throughout a straight line in the A or S surfaces from the plane defined by the two independent variables (A1 or S1 profiles in Figure 8 ).
It is likely that nobody would design an experiment with two agents in this way. However, in the bioassay of complex solutions (extracts of tissues, biological fluids, microbial cultures, polluted waters, lixiviates) it is common to express the response as a function of the dilution or to pay attention to a specific compound. If these solutions contain more than one active It is surprising that multiphasic responses are not more frequent in assays of complex products (e.g., petroleum, CytoSol and many others). In principle such responses could be described, for a group of h-agents, by means of equation (9) modified with series of h-sigmoid sums.
However, it should be kept in mind that the first condition of a biphasic or multiphasic response is the addition of the effects, different from IA and the addition of concentration th very large, the profile waves tend to be overlapped when h increases and, in practice, they are absorbed by experimental error.
CONCLUSIONS
The use of SCA to eliminate petroleum that remains in the rocky substrates after mechanical cleaning of oil spills demands an evaluation of the toxicity of both agents in terms of single and combined action. The present work studied the inhibitory response of larval growth of sea urchin to CytoSol, Libyan cru c mixtures, the anomalo some cases and the notions of synergy and antagonism in the framework of the mathematical models that can be applied to the joint response to two agents.
In relation to the dosage methods, it could be concluded that the dilution of a saturated aqueous extract was a better option than using CytoSol separately accommodated in different [22, 50, 51] , these concepts cannot be applied to the interaction among two agents without specifications because synergy and antagonism not only depend on the nature of such agents but also on the subdomain of doses considered.
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